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SUMMARY 

Longitudinal,  lateral,  and  heading  equations  of  rollout  motion  were  derived  for 
an  aircraft  in  a  three-point  attitude  equipped  with  freely  castoring  or  steerable 
landing  gears  and  subjected  to  applied  forces.  Equilibrium  constraints  normal  to  the 
runway  surface  and  about  the  aircraft  roll  and  pitch  axes  were  imposed.  Transient 
tire  forces  from  steady-sta-te  data  were  introduced  by  inserting  a  time  lag  between 
the  computed  tire  yaw  angle  and  the  resulting  tire  force. The planar  equations 
derived  were  used  to  describe  the  position  and  heading  of  an  aircraft  relative  to  a 
runway  coordinate-axis  system.  Computed  trajectories  were  compared  with  those  found 
experimentally  for  a  small-scale  landing-gear  model  traversing  a  laterally  sloping 
runway  with  and  without  nose-gear  steering.  Correlation  with  experiment  was  good. 
Numerical  studies  indicated  that  trajectories  were  sensitive  to  the  initial  transla- 
tory  velocities  of  the  test,  tire  drag,  and  angular  landing-gear  misalinement.  The 
effect  of  the  time  lag  on  the  computation  of  the  tire  forces,  however,  was  found  to 
be  negligible  for  the  trajectories  of  this  paper. 

INTRODUCTION 

The  landing  of  an  aircraEt  in  a  strong  crosswind  is  a  difficult  and  possibly 
hazardous  operation.  Crosswind  effects  have  not  been  as  significant  in  the  past 
because  they  have  been  lessened  by  airport  design  considerations  such  as  alining 
runways  in  the  direction  of  prevailing  winds  or  providing  several  runways  with  dif- 
ferent  headings.  However,  such  consideratiahs  are  not  practical  €or  all  airports; 
and,  in  particular,  airports  envisioned  for  short  take-off  and  landing  (STOL)  air- 
craft  operations  are  expected  to  offer  few  choices  of  runway  headings.  Such  runway 
alinement  restrictions  potentially  expose  the  aircraft  to  higher.  crosswinds  than 
those  currently  encountered.  Furthermore,  the  slow  landing  speeds  of  STOL-type 
aircraft  make  them  especially  sensitive  to  crosswinds.  Methods  are  needed  to  reduce 
this  sensitivity  and  increase  landing  flexibility. 

Landing-gear  systems  have  been  conceived  to  increase  control  of  the  aircraft on 
the  ground  in  the  presence  of  a  crosswind,  and  tests  of  some  crosswind  gear  concepts 
using  a  small  model  were  reported  in  reference 1. In  these  tests,  a  laterally  sloped 
runway  provided  a  side  component  of  the  gravity  force  to  simulate  a  crosswind. 
Although  the  model  tests  provided  some  evaluation  and  comparisons  of  the  concepts, 
analytical  techniques  are  needed  to  supplement  landing-gear-system  studies  and  pro- 
vide  insight  into  gear  behavior.  A  set  of  equations  of  motion  is  required  for  air- 
craft  rollout  which  has  the  capability  to  represent  the  behavior  of  unusual,  pneumat- 
ically  tired,  landing-gear  systems  when  there  are  sidewise  external  loads  upon  the 
aircraft. 

Equations  that  describe  the  motion of pneumatically  tired  automobiles  have  been 
developed  (see  refs. 2 and 3), but  corresponding  equations  that  describe  the  aircraft 
rollout  and  taxi  motion  are  not  generally  available  in  the  literature.  Reference 4 
discusses  the  ideal  track  of  a  steered  aircraft  that  rolls  without  slipping,  but 
influences of external  loads  and  tire  behavior  are  missing. 

This  paper  presents  planar  equations  that  describe  the  rolling  motion  of  an 
aircraft  in  a  touchdown  attitude  subjected  to  applied  forces  and  moments  and  having 



freely  castoring  or  steerable  landing  gears  equipped  with  pneumatic  tires.  Supple- 
mental  expressions  are  developed  from  tire  test  data  relating  the  instantaneous 
forces  and  moments on each  wheel  to  the  wheel yaw angle.  These  tire-force  relations 
can  account  for  the  tire-force  buildup  lagging  the yaw  angle,  a  phenomenon  implied 
from  such  studies  as  references 5 and 6. A gravitational  force  appropriate  to  a 
sloped  runway  is  included. 

Computed  trajectories  are  compared  with  experimental  trajectories  of  the  pneu- 
matically  tired  landing-gear  model  of  reference 1 with  all  gears  fixed  and  with  light 
nose-gear  steering. The  experimental  trajectory  data  are  derived  from films of the 
tests  by  using  the  analytical  photographic  data-reduction  method  of  reference 7 .  
Effects of a  number  of  parameters  (vehicle  properties  and  initial  conditions)  on  the 
computed  model  trajectory  with  gears  fixed  are  also  investigated. 

SYMBOLS 

Measurements  were  made  in  U.S.  Customary  Units  and  values  were  converted  to SI 
Units. 
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tire-moment  functions,  m-N  and  dimensionless,  respectively 

aerodynamic  drag-force  coefficient 

aerodynamic  lift-force  coefficient 

aerodynamic  rolling-moment  coefficient 

aerodynamic  pitching-moment  coefficient 

aerodynamic  yawing-moment  coefficient 

aerodynamic  side-force  coefficient 

tire  side-force  coefficients, N and  N-l,  respectively 

aerodynamic  reference  length,  m 

aerodynamic  drag  force, N 

kinetic  energy  of  vehicle, N-m 

potential  energy of vehicle,  N-m 

general-  or  ith-tire  drag  force  directed  in  wheel  plane  (see  fig. 2 ) ,  N 

general-  or  ith-tire  force  normal  to  runway  surface  (see  fig. 21, N 

general- or ith-tire  side  force  directed  normal to wheel  plane 
(see  fig. 21, N 

component  of  aerodynamic  force  in  .the  x-direction,  N 

component  of  thrust  force  in  the  x-direction,  N 
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I w , i  

component  of r e s u l t a n t  tire forces in   t he   x -d i r ec t ion ,  N 

aerodynamic side fo rce  (see f i g .  21, N 

component  of aerodynamic force in   t he   y -d i r ec t ion ,  N 

component of t h r u s t   f o r c e s   i n   t h e   y - d i r e c t i o n ,  N 

component of r e s u l t a n t  tire forces in   t he   y -d i r ec t ion ,  N 

acce le ra t ion  due t o  gravi ty ,  m/sec 

he ight  of vehic le   cen ter  of gravity  above runway surface,  m 

height  of  aerodynamic  drag  force  above runway sur face ,  m 

he ight  of engine   th rus t   force  above runway surface,  m 

height  of aerodynamic side force  above runway sur face ,  m 

yawing mass moment of i n e r t i a  of vehic le  body about   the  center  of grav i ty ,  

2 

kg-m 2 

yawing mass moment of i n e r t i a  of i th   gear   about  its center  of grav i ty ,  
kg-m 2 

yawing mass moment of i n e r t i a  of i t h  wheel  about i ts  cen te r  of grav i ty ,  
kg-m 2 

i = 1,2,3 gear - ident i f ica t ion   index  

L aerodynamic l i f t   f o r c e  (see f i g .  21, N 

1 force-buildup  distance of r o l l i n g  t i re ,  m t 

MN "N, i gene ra l -   o r   i t h - t i r e  moment about yaw a x i s  (see f i g .  21, m-N 

aerodynamic r o l l i n g  moment (see f i g .  2), N-m 

aerodynamic p i t ch ing  moment (see f i g .  2 )  , N-m 

aerodynamic  yawing moment (see f ig .  2 ) ,  N-m 

MX 

MY 

MZ 

(Mz r e s u l t a n t  t ire yawing moment about i t h   gea r ,  N-m 

(MZ) r e s u l t a n t  aerodynamic  yawing moment act ing on vehic le ,  N-SI 

(MZ) r e s u l t a n t  t ire yawing moment a c t i n g  on vehic le ,  N-m 

mb 

6 , t , i  

8 , A  

8 , t  

mass  of vehic le  body, kg 

m mass of i t h  gear, kg g a i  
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m = mb + c (mg,i + %,i) 
i 

mass  of  total  vehicle, kg 

mass  of  ith  wheel,  kg 

aerodynamic  reference  area,  m 2 

engine  thrust, N 

time, sec 

computational  interval,  sec 

aerodynamic  velocity  (see  fig. 21, m/sec 

veloc'ity  of  vehicle  center of gravity,  m/sec 

wind  velocity  (seq  fig. 2) , m/sec 

velocity  of  ith  wheel,  m/sec 

velocity  component of ith  wheel  normal to  wheel  plane,  m/sec 

velocity  component of ith  wheel  in  the  wheel  plane,  m/sec 

longitudinal  runway  coordinate  (see  fig. l ) ,  m 

longitudinal  runway  coordinate  of  vehicle-body  center-of-gravity  position, m 

longitudinal  runway  coordinate of ith-gear  center-of-gravity  position,  m 

longitudinal  runway  coordinate of ith-wheel  center-of-gravity  position,  m 

lateral  runway  coordinate  (see  fig. 11,  m 

lateral  runway  coordinate  of  vehicle-body  center-of-gravity  position, m 

lateral  runway  coordinate  of  ith-gear  center-of-gravity  position, m 

lateral  runway  coordinate  of  ith-wheel  center-of-gravity  position, m 

runway  slope  (see  fig. 2) ,  radians,  unless  otherwise  specified 

steering  angle  of  general  or  ith  gear  relative  to  the  body  (see  fig. 1) , deg 

lateral  body  coordinate  of  vehicle-body  center-of-gravity  position, m 

lateral  body  coordinate of ith-gear  pivot  position,  m 

heading  (crab1  angle  of  vehicle  body  measured  clockwise  from  the  runway 
longitudinal  axis  (see  fig. l ) ,  radians,  unless  otherwise  specified 



direction  of  runway  slope  (downhill)  measured  clockwise  from  the  runway 
longitudinal  axis  (see  fig. 2) , deg 

axial  body  coordinate  measured  forward  of  the  total-vehicle  center of 
gravity  (see  fig. 1 ) ,  m 

axial  body  coordinate  of  vehicle-body  center-of-gravity  position,  m 

axial  body  coordinate  of  applied  aerodynamic  side  force,  m 

axial  body  coordinate  of  ith-gear  pivot  position,  m 

axial  body  coordinate  of  applied  aerodynamic  lift  force,  m 

air  density,  kg/m3 

distance.of general-  or  ith-gear  center  of  gravity  from  gear  pivot 
(see  fig. 11, m 

distance  of  general-  or  ith-wheel  center  of  gravity  from  gear  pivot 
(see fig. 1 ) ,  m 

time  lag  of  ith-rolling-tire-force  buildup,  sec 

direction  angle of vehicle  velocity  measured  clockwise  from  runway 
longitudinal  axis  (see  fig. 2) ,  radians 

direction  angle  of  wind  velocity  measured  clockwise  from  runway 
longitudinal  axis  (see  fig. 2), radians 

general-  or  ith-tire  yaw  angle,  radians,  unless  otherwise  specified 

effective  (delayed)  tire  yaw  angle,  radians,  unless  otherwise  specified 

The  operator a denoted  partial  differentiation,  or  a  dot  over  a  variable d 
denotes  differentiation  with  respect  to  time,  and  sgn ( ) denotes  the  sign  of  the 
argument  in  the  parenthesis. 

IDEALIZED VEHICLE 

A schematic  representation  of  a  rolling  aircraft  with  steerable  landing  gears in 
a  three-point  landing  attitude  is  depicted  in  figure 1. A system  of  four  intercon- 
nected  rigid  bodies  represents  the  main  body of the  aircraft  and  three  landing  gears. 
Planar  motion  is  assumed  for  the  body  with  longitudinal,  lateral,  and  heading  degrees 
of freedom,  and  a  swiveling  degree  of  freedom  is  included  for  each  gear.  Equilibrium 
conditions  normal  to  the  plane  of  the  runway  and  about  the  aircraft  pitch  and  roll 
axes  are  assumed. 

Space-fixed  x,y-coordinate  axes  are  defined  with  the  x-axis  directed  down  range 
and  the  y-axis  directed to the  right.  Body-fixed  E,q-coordinate  axes  are  defined 
with  the  origin at the  center  of  gravity (c.g.1 of the  complete  aircraft  with  unde- 
flected  gears.  The  x,y-coordinates  describe  the  motion  of  the  c,v-origin.  The  angle 
8 between  the x- and  Z-axes  denotes  aircraft  heading,  and the  angles 6.  
(i = 1,2,3)  denote  deflected  angles of the  swiveling  gears  relative to t&e  body. The 
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symbols  and pw,i denote  distances  from  the  gear pivot p o i n t   t o   t h e  c.g.  of 
the  wheel)  and t o  the  c.g.  of t h e  wheel,   respectively.  

The forces  and moments appl ied t o  the   vehic le  are i n d i c a t e d   i n   f i g u r e  2. 
Included  are  aerodynamic  forces  and moments, an  engine  thrust   force,  t ire forces ,  and 
a gravi ty   force  due t o  runway slope. The e f f e c t  of runway slope, which is shown as a 
t r u e   a n g l e   i n   t h e  edge  view  of t he  runway, is not   genera l ly  a considerat ion  but   has  
been  included i n   t h i s   r e p o r t  to cor re la te   wi th   the  tests of reference 1. 

EQUATIONS OF MOTION 

The method of  Lagrange (see r e f s .  8 and 9, €or ins tance)  is used t o  develop  the 
equations  of  motion  of  the  vehicle.   Except  for  the  gravity  forces  attr ibuted t o  t h e  
sloped runway which are derived from the   po ten t i a l   ene rgy ,   t he   fo rces  and moments 
a c t i n g  on the   veh ic l e   a r e   d i r ec t ly   spec i f i ed .  The forms  of the  generat ing  equat ions 
i n  terms of the   longi tudina l ,  lateral, heading,  and  swiveling-gear  degrees of f ree-  
dom, respec t ive ly ,  are given by 

(For i = 1, 2,  3)  ( 4 )  

where % and E a r e   t h e   k i n e t i c -  and  potent ia l -energy  funct ions of the  system  of 
r igid  bodies ,   respect ively,  and the   nongravi ta t iona l   vehic le   forces  and moments are 
indica ted  by the  terms on the  r ight-hand  side of the  equat ions.  

P 

Kinetic-Energy  Function 

The k ine t ic   energy ,   the  sum of  energy  from  motions  of t h e  body and the   gears ,  is 
expressed by 

where 



Potential-Energy  Function 

The  gravity  forces,  derived  from  the  potential-energy  function of the  vehicle 
components,  are  given  as  follows: 

E = -gy (%[x cos X + y sin A + cos (X - e )  + qb sin ( A  - 811 
P 

+ k m  + m [x cos X + y sin X 
g, i w, i i 

where g is  the  acceleration  due  to  gravity, y is  the  runway  slope  (assumed  to  be 
small),  and X is the  direction  of  the  downhill  slope. 

Equations  of  Motion 

The  equations  of  motion  are  found  by  performing  the  indicated  mathematical  oper- 
ations  specified in equations ( 1 )  to ( 4 ) .  After  reducing  and  rearranging  terms,  the 
following  six  equations  of  motion  are  obtained: 
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Longitudinal  motion: 

Lateral  motion : 

a 



Heading  motion: 

9 



motion for each gear where i = 1, 2, and 3: 

.. 
+ m  p + m  p 

2 2 
e[ Ig , i  + I w , i  g , i   g , i  w , i  w , i  

(m g , i  P g , i  + r n w , i P w , i ) ( E g , i  cos 6i + qg,i s i n  6,) 1 
.. 
' i ( Ig , i  + I w , i  g , i  g , i  w , i  w , i  + m  p2 + m  p2 1 

*2 
(mg,iPg,i  + m w , i  p w , i  1 ( E  g , i  s i n  6i - qgIi cos Si) 

+ qy(mgripgri  + m w , i  p w , i  1 s i n  (1 - 8 - 6i 1 

= (MZ) 
6 , t , i  

FORCES AND MOMENTS ON VEHICLE 

Expressions €or t h e  forces and moments appearing  in   the  equat ions of motion are 
developed i n   t h e   f o l l o w i n g   s e c t i o n s   a n d   i n c l u d e   e f f e c t s  of engine  thrust ,  aerodynam- 
ics ,  and t i re  behavior. 

Engine  Thrust 

An engine-thrust  force T is assumed t o  be a l ined   w i th   t he   veh ic l e   cen te r   l i ne  
and gives x,y  components 

Aerodynamic Forces  and Moments 

Simple  aerodynamic re la t ionships   inc luding   the   e f fec ts   o f  wind are 

L = "PV sc 1 2  
2 A' L 

D = "pV SC 1 2  
2 A D  

1 2  
FY 2 A Y  = -pv sc 
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My = "pV ScC 
1 2  
2 A  m 

1 2  
2 A  n MZ = " P V  SCC 

1 2  
= -pv SCC 

MX 2 A  I 

where p is  the  atmospheric  density and VA i s  an  aerodynamic  velocity  defined as 
the   vec tor  sum of the   veh ic l e  and wind v e l o c i t i e s  as shown i n   f i g u r e  2. The factor 
Vi is computed by 

v2 = v2 + v 2 + 2v v cos (4w - 4)  
A Cg W c9 w 

v = ( x   + y )  02 02 1/2 
c9 

where Vw and denote  the  magnitude  and  direction of  headwind, respec t ive ly .  
@W 

The aerodynamic  drag  force D, s i de   fo rce  Fy, and  yawing moment MZ combine 
in to   the   fo l lowing   forces  and moments appearing,   respect ively,   in   the  longi tudinal ,  
lateral, and  heading  equations: 

. ? I  

F = -D cos 8 - F s i n  8 
x , A  Y 

( 2 8 )  

F = -D s i n  8 + F cos 8 
Y l A  Y 

(29) 

( 3 0 )  

where SF is t h e   a x i a l   p o s i t i o n  of t he   s ide   fo rce   app l i ed  t o  t h e   v e h i c l e   i n   t h e  
body coorhlnate  system. . -  

. .  
- 

Tire Forces and Moments 

The tire forces   for   each  gear  i are descr ibed  in   terms of a drag   force  FDli 
i n  the   p lane  of t he  wheel, a s i d e   f o r c e  FSli normal t o   t h e   p l a n e ,   a n d - a  moment 
MNli about  an  axis  normal t o   t h e  runway surface  and  through  the wheel cen te r  as 
shown i n  f i g u r e  2. When t h e  components  of t h e  t i r e  forces  are resolved,  the  follow- 
ing   r e l a t ions  are obtained: 

11 



1 
S , i  

- F ( E  COS 6 + ng,i s i n  6 - S , i   g , i  i P w , i  1 

= -F 
S , i  w , i  N,i P + M  

6 , t , i  

- M  N , i  3 (33) 

(34) 

The ind iv idua l  tire forces  and moments FD,i, FSti, and %,i appearing on the  
r i g h t   s i d e  of equations  (31) to  (34) may be  functlons of t i r e  yaw angle,  normal 
force,  and  forward  velocity,  respectively. 

Yaw-angle formulation.- The t ire yaw ang le ,   t ha t  is, the  clockwise  angle  that  
the   t rans la t iona l   ve loc i ty   vec tor  of the  t ire makes with  the wheel plane,  may be 
defined by using  local   instantaneous  veloci ty  components  of the  t ire a s  

V 
'. = t a n  -- - 1  w,n,i 
1 

v w J p J i  

where Vw,n,iJ t he   ve loc i ty  component normal t o   t h e  wheel plane,  is given as 

V = v s i n  ( 4  - 8 - 6,) w,n,i   cg 

(35)  

and vw ,p , i r  
t he   ve loc i ty  component p a r a l l e l   t o   t h e  wheel plane,  is given as 

The buildup of ro l l i ng - t i r e   fo rces   l ags   t he  imposed yaw ang le   i n  t i m e .  Such a 
delay is implied from t h e  tests of reference 5 which show the   d i s tance   tha t   an  i n i -  
t i a l l y  yawed tire must r o l l   b e f o r e   t h e   f u l l   s i d e   f o r c e  is developed,  and the   l ag   can  
also be  implied  from  the  hysteretic  tire-force-yaw-angle  relationships  found  in 
reference 6 f o r   t i r e s   t e s t e d  on a dynamometer. A delay may be introduced by def in ing  
an   e f f ec t ive  yaw angle r e l a t ed   t o   t he   i n s t an taneous  yaw angle by the  
r e l a t i o n s h i p  'e, i 'i 

where 'G is the  durat ion of the  t i m e  lag.  The t ime  lag may be expressed by the  
formula i 
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't = -  
i V  w,i 

(39 )  

where I is  the  distance  that a tire  must  roll  for a force  to  be  developed  and t 

Vw,i is the  wheel  velocity  For  such  an  assumption,  equation (38)  
becomes 

I '  (40)  

For a computer  program, a f inite-difference  form  of  equation (40)  is- utilized 
and  is  given  by 

/ '+ \ 

I + -  
L 

V (t) At w,i 

where At is  the  time  step  and 
mated  by 

the  derivative of the  effective  yaw  angle 'is approxi- 

i 

Equilibrium  equations.-  When  force  equilibrium  normal to  the  runway  surface  and 
moment  equilibrium  about  the  pitch  and  roll  axes  of  the  vehicle  are  imposed,  the  gear 
normal  forces may be  related  as  follows: 

Aircraft  normal-force  equation: 

C F ~ , ~  = m g cos y - L tot 
1 

"(43) 

Aircraft  pitch-axis  equation: 

~FN,i(Sg,i 'w,i 1 
- COS 6 . )  = h C(FD,i cos 6i + F sin 6 . )  

1 
S,i i 1 

- My - L% - D(hD - h) + T(hT - h) (44 )  
. .  . 

Aircraft  roll-axis  equation: 

cFN,i('g,i - 'w,i sin 6,) = h c  (FD,i sin 6 - cos 6 . )  + MX + Fy(hF,y - h) i FSli i i 1 

, (45 )  
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TRAJECTORY-COMPUTATION PROCEDURE 

The equations of vehicle  motion  have  been programmed for  numerical   solution on a 
high-speed d i g i t a l  computer. The method f o r  computing a t ra jectory  fol lows.  

Aerodynamic forces  are computed f i r s t  by using  equat ions  (19)   to   (27) .  Also, 
except a t  touchdown when t h e   e f f e c t i v e  yaw angle +e,i is assumed t o  be  zero,  the 
t i r e  yaw angles   a re  computed  from equations  (35) t o  (37) and (41 ) .  Tire forces  are 
then  solved  i teratively  beginning  with an est imate  of t he  normal gear   forces .  Tire 
drag  and  side  forces are computed and  revised normal forces  are solved from t h e  
equilibrium  equations  (43) to  ( 4 5 ) .  The o r i g i n a l  and revised normal forces  are aver- 
aged and the  normal-force  solution is r e p e a t e d   u n t i l   a l l  of t h e  t ire normal forces  
f o r  two consecut ive   i t e ra t ions   agree   wi th in  a specified  tolerance.  Following  conver- 
gence, the  normal-force  values are used t o  compute tire moments which ( together   with 
the  t i re ,  aerodynamic,  and th rus t   fo rces )  are introduced  into  equations  (17),   (181, 
and (28) t o   (34 )   fo r   subs t i t u t ion   i n to   equa t ions   (13 )   t o   (16 ) .   Ind iv idua l   acce l e ra -  
t i o n s   f o r  each  degree  of  freedom .are obtained from a simultaneous  solution of t h e  
equations  of  motion. The acce lera t ions  are numerically  integrated twice t o   y i e l d  new 
t r a j ec to ry   va r i ab le s .  The new var iab les   and   the i r   der iva t ives   rep lace   the   o r ig ina l  
var iab les ,  and the  computational  sequence is repeated  for  subsequent time in t e rva l s .  

When gear  angles are specif ied,   appropriate   t ime  his tor ies  of the  angles  
6i and t h e i r   d e r i v a t i v e s  must be  supplied i n  p lace  of the  gear   equat ions  (16) .  Closed- 

loop  s teer ing  control   a lso  can be  implemented  with  minor  modifications,  but t h i s  
considerat ion is beyond the  scope of th i s   s tudy .  

APPLICATIONS AND DISCUSSION 

The equations of  motion were a p p l i e d   t o   p r e d i c t   t h e   r o l l i n g - t r a j e c t o r y   t r e n d s  of 
the  tests conducted in   the   s tudy  of reference 1. The equations were a l s o  used t o  
de te rmine   the   re la t ive   sens i t iv i ty  of t h e   t r a j e c t o r y  t o  several   parameters.  

Model Tes ts  

Descr ipt ion of model and tes t   condi t ions . -  A photograph of the  instrumented 
model used in   re fe rence  1 is shown i n  Eigure 3. The model has a t r iangular ly   shaped 
body with  three  gears  which can  be  locked,  steered,  or  swiveled  freely.  Targets were 
i n s t a l l e d  to f a c i l i t a t e   t r a j e c t o r y  measurements using  opt ical   techniques.  

The model t e s t s  were conducted i n   t h e   e n c l o s e d   f a c i l i t y  shown i n   f i g u r e  4.  The 
photograph shows the  4.1-n-wide runway, the  launching  apparatus,  and  the test model 
( p r i o r  t o  instrumentat ion) .  The runway was t i l t e d  4.5O t o   t h e   l e f t ,  i.e. , t h e   l e f t  
edge of t he  runway was lower  than  the  r ight.   Basic  properties of t h e  model are  given 
i n   t a b l e  I. Although the  model w a s  not  completely  scaled  to a s p e c i f i c   a i r c r a f t ,  it 
w a s  representa t ive  of a one-seventh-scale model of a STOL-type a i r c r a f t .  

T i re   p roper t ies . -  Tire force  and moment re la t ionships   requi red   for   the  pneuma- 
tic-model  airplane tires of this   s tudy  are   der ived from dynamometer tests. Measure- 
ments  were made by using one  t i re  and landing  gear oi reference 1, and t h e   r e s u l t s  
are  discussed  in  the  appendix where t ire forces  and moments are expressed as func- 
t i o n s  of t i r e  yaw angle and ver t ical   loading  under   s teady-state   condi t ions.  The 
tests showed t h a t  forward  velocity had l i t t l e  inf luence on t h e  measured forces .  
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( R e f .  2,  i n   c i t i n g  the work of L. Huber, confirmed that  t he  t ire side fo rce  is prac- .. 
t ical ly   independent  of ve loc i ty . )  

The func t iona l   re la t ionships   adopted   for   force  and moment r e l a t ionsh ips  for  each 
t ire are given as follows i n  terms of t he  tire yaw angle  (I,. and  normal. fo rce  FN: 

FS = -cl (1 - e -C2%) (I, 

. .  

(48) 

Tra jec tory  measurement.- The t r a j e c t o r y  of t h e  model was obliquely  photographed 
from above the  runway by 16-nun motion-picture cameras. One camera was pos i t ioned  . 
s l i g h t l y  behind  the touchdown p o i n t ,  i ts view extending from the touchdown po in t  t o  
7.5 m beyond it; and another camera w a s  pos i t i oned   t o  view the  region 6.5 t o  15 m 
beyond the  touchdown point .  The pos i t i on  and  heading of the model were determined 
from the  motion-picture  records  of a tes t  us ing   the  method  of reference 7. . _ , _  . .. 

Numerical  Results 

The equations of motion are applied t o  two tests using  the model a n d , t e s t  condi- 
t i o n s  of reference 1. One, an  unreported test, had the   gears  of t h e  model fixed;  and 
the   o ther ,   case  5 of reference 1,  had l i g h t   s t e e r i n g  of t he  nose  gear. Only fo rces  
due t o  g rav i ty  and t o  the  tires were considered. The downhill slope t o   t h e   l e f t  w a s ,  
spec i f i ed  by a s lope  y of 4.5O and by a s lope   d i r ec t ion  h of - 9 O O .  

Steady-state   t i re-force  re la t ionships   for   an  unbraked 11.4-cm-diameter  pneumatic 
model of  an a i r c r a f t  t ire, used i n   t h e  model tests, are presented  in   the  appendix.  
Approximate  drag-force  data  measured i n   t h e  tests are also given i n   t h e  appendix. 
The values   vary  errat ical ly ,   suggest ing random e r r o r s  as l a rge  as t h e  measured quan- 
tities. However, the  drag-force  var ia t ions were treated here in  as r ep resen ta t ive  of , 

the  model gears,  and for t h i s  s tudy,   the   drag  force for each  gear was s imply-   l inear ly  
in te rpola ted   wi th   respec t  t o  both  normal  force FN and yaw angle  (I,. The._tire-side- 
fo rce  expression is given by equation ( A l )  of the  appendix for which, . i n   t he  computa- 
t i ons ,  the c o e f f i c i e n t s  C1 and C of equation  (47) are 5.01 N and 0.0422 N - l ,  
r espec t ive ly ,  where the angular  uni$s are i n  degrees.  Similarly,  the  tire-moment - 7 

data of the  appendix are given by equation  (48) €or which the   func t ions   a l (FN)  - 
and a2(FN) are in t e rpo la t ed  from the   logar i thmic  form  of t he   func t ions   d i sp l ayed   i n  
the  appendix by using a cubic-spl ine  curve-f i t t ing  procedure.  

The experimental   force-motion  relationship  includes  effects due t o  both a simple 
I .  

t i r e  s l i p  and a coupled  roll ing-  and  lateral-deformation  interaction. However, the 
t ire representa t ion  of the  computer  program includes no mechanism t o  account  for. . the 
deformation  interaction. 

Both t ire s i d e  force and moment were assumed t o  be  zero a t  touchdown; and f o r  
t he   e f f ec t ive  yaw-angle computations, the force-buildup  distance of t h e   r o l l i n g  tire 
I was assumed t o  be  constant. The bui ldup  dis tance w a s  determined from a tes t  for 
which the yaw angle w a s  v a r i e d   i n  time. For t h i s  test, a t  a surface  speed of 
4.6 m/sec, the   t i re -s ide- force  development w a s  found t o  lag the   i npu t  yaw angle  by 
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0.021 sec. A d i s tance  I of  9.6 cm was computed  from t h e   l a g  by using equa- 
t i o n   ( 3 9 ) .  The s teer ing   Input  was s p e c i f i e d   d i r e c t l y  from the  gear-posi t ion time 
h i s t o r i e s  of t he   s t ee red  test  of reference 1; t he   s t ee r ing   ang le  was piecewise l i n -  
ea r ly   i n t e rpo la t ed  between d iscre te   va lues  of the  data ,  and de r iva t ives  were derived 
from a parabolic  least-squares  polynomial  approximation t o  f ive  running  data   points .  
The model mass and conf igura t ion   proper t ies  of t a b l e  I were used t o   d e s c r i b e   t h e  
vehicle.  

t 

Corre la t ion  of unsteered run.-  For the  unsteered  run,   the   gears  were f ixed  i n  
the   undef lec ted   pos i t ion  and the  model was launched  along  the  x-axis of t h e   l a t e r a l l y  
sloped runway a t  a speed of 4.41 m/sec. The test  durat ion w a s  l i m i t e d   t o  2.4 sec,  
which w a s  the  time t h a t   t h e  model remained on the  runway. 

- 

Figure 5 shows measured pos i t i ons  and headings  and  faired time h i s t o r i e s  of the  
data .  The r i g h t   s i d e  of the   f igure   d i sp lays   pos i t ion  and heading a t  0.25-sec t i m e  
increments where the  arrows  denote  the  simulated wind d i rec t ion .  The opt ica l -  
trajectory-measurement  technique  indicates  the model response,   producing  consistent 
r e su l t s   w i th  little s c a t t e r  Eor the   pos i t ion  measurements. The sca t t e r ,   p re sen t  i n  
the  heading measurements dur ing   the   ear ly  part of t he   t r a j ec to ry ,  is a t t r i b u t e d   t o  
t h e   o p t i c a l  and possibly  to  the  mechanical  performance of t h e   f i r s t  camera and 
(unsymmetric) model bouncing  actions. 

The measured t r a j ec to ry   da t a  show t h a t   t h e  model i n i t i a l l y   d r i E t s   s l i g h t l y   l a t -  
erally  downhill   before  quickly  heading  uphill .  For the  durat ion of t he  test ,  t h e  
longi tudinal-dis tance  t ime  his tory is essent ia l ly   l inear ,   imply ing   smal l   re ta rd ing  
forces  and, hence,  nearly  constant  speed. 

When the  forward  velocity of touchdown of k ( 0 )  = 4.41 m/sec and a l l   o t h e r  
i n i t i a l  conditions  equal  to  zero were input   in to   the   ana ly t ic   p rocedure ,   the  trajec- 
t o r y  shown i n  Eigure 6 was obtained. The faired  experimental   t ra jectory  data  of 
f igu re  5, denoted by the  dashed l i n e ,  are   a lso  included.  

The l a t e ra l -d i s t ance  and  heading-angle time h i s t o r i e s  of  Eigure 6 show the  char- 
a c t e r i s t i c ,   b r i e f ,  lateral, downwind excursion  and  the  subsequent upwind d r i f t .  
Similar  behavior  has  been  observed i n  s tud ie s  of the   l a te ra l   response  of r o l l i n g  
automobiles t o  side loads. For instance,   reference 10 indicates  such  an  automobile 
response and indicates   that   vehicles   with  pneumatic   t i res   such as those on the  model 
may d r i f t   l a t e r a l l y  with  or  without  changing  heading. A heading  change  occurs when 
t h e  yawing moment is unbalanced; t h a t  is, the   appl ied   forces  and the i r   reac t ion   pro-  
duce a moment about  the  vehicle  c.g.  Since  the model yaws upwind, t he   r e su l t an t  
l a t e r a l  tire force  must  be forward  of the  c.g. Such a forward t i r e   f o r c e   f o r   t h e  
weight   dis t r ibut ion is a t t r i bu ted   t o   t he   s a tu ra t ion   na tu re  of the  tire side-force 
re la t ionship   wi th  normal load shown in  the  appendix.  If the   s ide- force   re la t ionship  
were l inear ,   €or   ins tance ,  computed r e s u l t s  show t h a t   t h e  model r o l l s   w i t h o u t   l a t e r a l  
or heading  excursions.  For  the  conditions of f igu re  6, the   l a te ra l   response  is shown 
t o  be  primarily  dependent upon the  heading  behavior. The s l i g h t   i n i t i a l  lateral 
dr i f t   occurs   un t i l   the   unbalance  i n  forces  and moments  on the   gea r s   r e su l t s   i n  an 
upwind d r i f t  of the  vehicle .  

The r e s u l t s   i n d i c a t e   t h a t   t h e  system  of equat ions,   including  the assumed equi- 
l ibr ium and t i r e - fo rce   r e l a t ions ,  is adequate   to   provide  rol lout   t ra jectory  t rends of 
a i r c r a f t  with  pneumatic tires. The s l igh t   d iEferences  between the  computed  and mea- 
su red   t r a j ec to r i e s  may be a t t r i b u t e d   t o  measurement e r ro r s ,   v io l a t ion   i n   t he   expe r i -  
ment of the   equi l ibr ium  cons t ra in ts ,   s impl ic i ty  of t h e   t i r e   r e p r e s e n t a t i o n ,  and 
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omission  of  aerodynamic  effects. The  effect  of  some  factors  that  could  affect  corre- 
lation  is  examined  later. 

Correlation  of  steered  run.-  For  this  test,  the  model  touches  down in a-crabbed 
or  yawed  attitude ( 8  = 30°)  with  its  gears  alined  with  the  direction of motion- 
(6i = -30°, i = 1,2,3). The  main  gears  are  fixed (6, = 6 = - 3 O O )  and  the  nose  gear 
is steered  by  remote  control. The initial  conditions  are  as  follows: 3 

g(0) = 6.81 m/sec 

$(o) = o m/sec 

6(0) = 30° 

e ( 0  = 0 deg/sec 

- .  

. -  - 

For  the  numerical  results,  the  measured  nose-gear  steering  angle  from  refer- 
ence 1 directly  replaces  the  nose-gear  swiveling  degree  of  freedom in the  equations 
of motion.  The  steering-angle  input  may  be  seen  in  figure 7 which  presents  the  com- 
puted  and  measured  trajectories for the  early  portion of this  test.  The  analysis 
shows  good  correlation  with  experiment  within  the  time  range  of  comparison. 

EFFECTS OF VEHICLE  PARAMETERS  AND  INITIAL  CONDITIONS 

In  this  part  of  the  paper,  vehicle  parameters  and  initial  conditions  are  varied 
and  the  effects  of  their  changes  are  demonstrated  by  displaying  the  computed  trajec- 
tories  of  the  unsteered-vehicle  test  of  figure 6, both  with  and  without  parameters 
varied  and  by  comparing  final  trajectory  values.  Effects  of  changes on a trajectory 
time-history  variable  are  defined to be  significant  for  the  time  period  shown if 
final  values  of  longitudinal  distance,  lateral  distance,  or  heading  angle  differ from 
the  basic  test  by  at  least 15 percent, 80 percent, or 30 percent,  respectively. 

Effects  of  Vehicle  Parameters 

In  this  section,  parameters  which  relate  to  the mass properties, gear-spacing, 
gear  alinement,  tire  drag  force,  and  time  lag  of  the  tire-€orce  buildup  are  varied, 
and  the  effects  are  evaluated. 

Mass  properties.-  The  mass  of  the  vehicle  was  varied  with  respect  to  the  basic- 
test  vehicle  of  figure 6. Because  the  tire  side  force  varies  nonlinearly  with the 
normal  gear  load,  some  redistribution  of  tire  side  loads  may  be  expected..  Figure 8 
shows  the  effect  of  reducing  the  vehicle  mass to 90 and 80 percent  of the'basic  test; 
the  trajectory  of  the  basic  test  is  included  in  these  studies  for  'reference..  Essen- 
tially  no  change  in  the  longitudinal-distance  time  history  is  exhibited, -and  ,the mass 
reduction  is  shown  to  reduce  the  heading  angle  and  lateral-distance  excursions 
slightly. . . . .  

. _ .  

The  effect  of  shifting  the  vehicle c.g. longitudinally  is  shown in figure 9. 
For  these  runs,  the  vehicle  c.g.  is  shifted  about  the  nominal  c.g.  position,  both 
forward  and  aft 3.2 percent  of  the  nose-to-main-gear  distance.  Although  the  c.g. 
shift  is  small,  the  forward  position  does  approximate a 20-percent  aerodynamic-chord 
location  for a representative  aircraft.  Figure 9 again  shows  essentially no.change 
in  the  longitudinal-distance  time  history  and  slight  changes  in  the  lateral  distance 
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and  heading  behavior  as  compared  with  results oE the  basic-vehicle  test.  Significant 
changes  in  the  lateral  distance  and  heading  angle  would  be  produced  for  a  larger  c.g. 
shift,  such  as  a  change  in c.g.  position  of 10 percent  of  the  nose-to-main-gear  dis- 
tance.  Since  the  general-trajectory  characteristics  of  figure 9 remain  unchanged, 
the  center  of  the  lateral  tire  forces  must  be  remaining  forward of  the  vehicle  c.g. 
for  the  c.g.  variations.  However,  the  figure  shows  that  moving  the  c.g.  forward 
reduces  the  heading  change. 

As shown  in  figure IO, a  lateral  shift of the  c.g.  also  has  a  slight  eEfect  on 
the  trajectory.  For  these  computations,  the  c.g.  position  was  offset  from  the  vehi- 
cle  center  line f 1 0  percent  of  the  main-gear  spacing. The trajectories  show  a 
reduced  excursion  magnitude of the  model  when  the  model  c.g.  is  positioned  to  the 
right  of  the  center  line  and  an  increased  excursion  magnitude  €or  a  left  position. 

A parameter  that  afEects  vehicle  equilibrium  is  the  vehicle  c.g.  elevation  above 
the  surface.  Although  not  shown  on  a  figure,  a  10-percent  height  increase  of  the 
c.g.  was  found  not  to  affect  the  trajectory  time  histories  significantly. 

Gear  spacing.-  The  effects  on  the  vehicle  trajectories  of  longitudinal  and  lat- 
eral  gear  spacing  were  also  studied.  The  trajectories  shown  in  figure 11 are  for  a 
reduction  in  the  longitudinal  nose-to-main-gear  distance of 20 and 40 percent of that 
of  the  basic  vehicle.  The  effects  on  the  trajectory  are  insignificant.  In  addition, 
results  were  computed  with  the  lateral  main-gear  spacing  halved  and  doubled.  The 
trajectories  are  shown  in  figure 12, where  the  narrower  spacing  increased  the  lateral 
excursions,  but  again  the  effects  were  small. 

Gear  misa1inement.-  Gear  misal-inement may have  a  strong  influence  on  the  rollout 
trajectory  of  a  vehicle. To indicate  the  relative  sensitivity  of  nose  and  main-gear 
misalinement,  calculations  were  made  first  with  the  nose  gear  misalined * I 0 ,  and  then 
w.ith  the  left  main  gear  misalined 21 O .  

Figure 13 shows  the  eEfect oE the  nose-gear  nisalinement  on  the  trajectory. The 
misalinement  produced  a  significant  effect  on  the  lateral  distance  and  heading  time 
histories;  and  for  the  clockwise  (positive)  angle o E  misalinement,  there  was  also  a 
slight  effect  on  the  longitudinal  distance  behavior.  The  clockwise  gear  misalinement 
caused  large  lateral  vehicle  motions,  and  the l o  counterclockwise  (negative)  nose- 
gear  rotation  was  sufficient  to  direct  the  vehicle  downwind. 

Figure 14 presents  trajectories  €or f I 0  misalinement  of  the  left  main  gear.  The 
data  indicate  trajectory  characteristics  similar  to  those  €or  the  nose-gear  misaline- 
ment;  however,  the  heading  response  is  opposite  to  that  for  the  nose-gear  misaline- 
ment,  and  the  vehicle  response  is  less  sensitive  to  main-gear  alinement.  For 
instance,  figure 14 shows  that a l o  main-gear  misalinement  nearly  causes  the  vehicle 
to  traverse  a  straight  path.  However,  from  interpolation of figure 13, a  similar 
behavior  could  be  achieved  with  a  nose-gear-misalinement  magnitude  of  about  one-half 
of the  main-gear  misalinement. 

Effect  of  tire  drag  force  and  its  distribution.-  Differential  braking  derived 
from  unbalanced  drag  forces  on  the  main  gears  of  an  aircraft  is  well  known  as  an 
effective  means  of  steering.  Although  wheel  braking  is  not  treated  in  this  paper,  a 
steering  efEect  can  occur  because  of  unequal  wheel  or  tire  rolling  resistances  of 
each  gear  occurring  as  a  result of wheel  imperfections,  differential  gear  loadings, 
or  yaw  angles. To indicate  ef  Eects of tire  drag,  the  drag  of  all of the  wheels  was 
reduced  to  zero  and  doubled.  Trajectories  for  these  conditions  are  shown 
ure 15 where,  as  expected,  the  longitudinal-distance  time  history  depicts 
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changes i n  slope and,  hence, i n  model speed. When the  left-main-gear  drag is removed 
and doubled  as shown i n  f igu re  16, there is i i t t l e  change in  the"1dngitudinai" 
distance  t ime  history  but a s i g n i f i c a n t  change i n  t h e   ' l a t e r a l  and  heading  -behavior: 
I n  view of t h i s   s e n s i t i v i t y ,   t h e  main-gear  drag  forces of the  basic  run were averaged 
and reappl ied  equal ly   to   the main gears  at  -each  computing intervgl.ko..veri-€y%hat 
main-gear t ire drag  differences were not   a   s ignif icant   inf luence.  'The - r e s u l t i n g  ' -  

t ra jec tory   toge ther  w i t h  the   bas ic   t ra jec tory   a re   p resented   in   - f igure  17; -&e' e f f e c t  
on the   bas ic   t ra jec tory  was small   as   indicated by the  small t ra   j -ector j .   d2fferences l '  

Ef fec t  of t i r e  moment .- Tire side  forces  are  the  primary  source of &re.cti'onal: 
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control  of t he  model, but t i r e  moments, occurring  because  the  side  force'rdoes  not - . 

gene ra l ly   ac t   a t   t he  wheel cen te r ,   a l so   a f f ec t   t he  motion. To i l l u s t r a t e   t h e   e f f e c t  
of the t ire moment  on t h e   b a s i c   " t r a j e c t o r y ,   a l l   t i r e  moments w e r e  e l i m i n a t e %  from the  
basic-tra  jectory  computation and the   r e su l t i ng   t r a j ec to ry  was compared" with" ' the  -basic  
t r a j ec to ry  i n  f igure  18. The e f f e c t  is smal l   bu t   the   t i re   moment . i s   s l ; 'ow~"to~reduce~ 
model excursions. 
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Effec t  of tire-force-buildup  lag.-  In a l l  computer  runs,  the t i r e  si.d$'for&e hnh 
moment were delayed  a  short  period of time to   s imu la t e  more closeiy  the-.kind:-of. t ire'  
behavior   that  was experienced i n  references 5  and 6. The computed delay-  increased i n  
duration wi th  decreasing  wheel  rotation  speed and was expected t o  be more s i g n i f i c a n t  
f o r  tests f o r  which t h e   t i r e  yaw angles were la rge  and changing'  al%uptiy-.- "To.  demon- 
s t r a t e   t h e   e f f e c t  of the  lag,   the  basic  run was first repeated  with-  a . t i re - force-  ' .-: 
buildup  distance  decreased  to  zero and then  was'  increased by a f a c t o r  .of-,f&ur. - The . 

e f f e c t  of the  changes on the   t r a j ec to ry  was -imperceptible. 

. .  

r. ~ - . .  - . .  . *  , 
~ . .  

. .. 
, : .- . . .. 

I n  summary, the  computed ' resul ts   descr ibed i n  t h i s   s e c t i o n  show r l i t t ? e  s ens i t iv -  
i t y  of the model behavior to  model mass, l a t e r a l   c .  g. pos i t i on ,   l a t e ra l   o r   ' l ong i tud i -  
nal   gear   spacing,   t i re  moment, and sma l l   sh i f t s  i n  the  longitudinal  c.g.   posit ion.  
There was  no pe rcep t ib l e   e f f ec t  from the  t ire-force-buildup  lag.  Onz-the -:othe'i-hand, 
the  model behavior was sensi t ive  to   gear   a l inement  and general ly   sensi t ive t o  tire"- . 

drag. 

. . .?. 

. -  . 

.. 
> a  . ,. .. , il ' 

. r, ' .. : _. . 
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I n  addi t ion to these   spec i f ic   f ind ings ,   the  computed results of '€ig&es. 8'tb; 18' 
show t h a t  t h e  l a t e r a l  motion of the model is s t rongly  re la ted  to   the  heading  behav-  
io r .  None of the  vehicle-parameter  changes  altered  the  general   characterist ic  shapes 
of t h e   t r a j e c t o r i e s ,  and t h e   l a t e r a l  and heading  motions  acted  essentially  indepen- 
dently of the  longi tudinal  motion  except when drag  var ia t ions were s ign i f i can t .  

- . >  

. ,  .. 

. . . .  

Effect  of In i t i a l   Cond i t ions  
. .  , -  '- , . .  

. .  

The e f f e c t  on vehicle t r a j e c t o r i e s  of veh ic l e   i n i t i a l   cond i t ions , .   t ha t  .lis, lon- 
g i tud ina l   ve loc i ty ,   l a te ra l   ve loc i ty ,   heading   angle ,  and r a t e  of "change  'of  heading . 

angle, is considered i n  t h i s  sect ion.  
-. .. ~ . .  I 

. 8 .I I _  

Longitudinal  velocity.-  Figure 19. shows v e h i c l e '   t r a j e c t o r i e s  of ' the 'b 'as ic   run-  ' - 

and fo r  the model with its longi tudinal   veloci ty  x(0) increase'd  25-and  50"percent. 
The computed longitudinal-distance time h i s to r i e s   a r e   cha rac t e r i zed  by s i s n i f i z a n t  
changes i n  d i s t a n c e   a t  2.4 sec.  The increased  longitudinal  velocity  produces a more 
rapid  divergence i n  the  la teral   and-heading  motion of the vehicle: It may be.  ;- 
r e c a l l e d   t h a t   s i m i l a r   t r a j e c t o r i e s  were computed for  reduced -tire 'drag,  suggestive ' " 
t h a t  much of t h e   e f f e c t  of drag  .on  the  t ra jectory of f igu re  15  *-was "veloci ty   - re la ted.  
Not  shown i n  f igu re  19 is t h a t   f o r  computer  runs a t  speeds  s l igl i t ly  aljovg'the 

. -  " - . .  ! i .. . _. - 
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50-percent  speed increase, the  right-main-gear normal force  approached  zero,  implying 
tha t   vehic le   over turn ing  w a s  imminent. 

Lateral veloci ty . -   Effects  o€ a n  i n i t i a l  lateral ve loc i ty   y (0 )  of f 1 0  percent  
of the   longi tudina l   ve loc i ty  were imposed on the  vehicle .  The e f f e c t s  on the  trajec- 
to ry  are shown i n   f i g u r e  20. The i n i t i a l  l a t e r a l   v e l o c i t y   s i g n i f i c a n t l y   a f f e c t e d   t h e  
l a t e ra l -d i s t ance  and  heading-angle  time h i s t o r i e s   b u t  had  minimal e f f e c t  on the  lon- 
g i tud ina l   d i s tance .  The downwind ( n e g a t i v e )   l a t e r a l   v e l o c i t y   c a u s e s   t h e   v e h i c l e   t o  
d r i f t  downwind  more than €or the  basic  run,  but  then  the  vehicle  diverges a t  a f a s t e r  
rate i n  t h e  upwind d i rec t ion .  

The upwind ( p o s i t i v e )  lateral  ve loc i ty   a l t e r ed   t he   cha rac t e r i s t i c   shapes  of both 
the  heading-angle and lateral-displacement  response  curves. The l a t e ra l -d i s t ance  
t i m e  h i s t o r y  shows t h a t  the v e h i c l e   f i r s t  swings upwind then downwind before   the  
v e h i c l e   s t a r t e d  i ts  eventual upwind excursion.  Concurrently,  the  heading-angle time 
h i s t o r y   a l s o  shows a b r i e f  downwind heading  excursion  before  the  vehicle  headed 
upwind. These r u n s  demonstrate  the  character of the  t i re  s ide   fo rce  t o  resist la t -  
eral motion  of the  model and t o  respond i n  heading t o  the  forward-t i re   s ide-force 
center   pos i t ion .  

Heading  angle.- The e f f e c t  of a f 1 °  heading  misalinement a t  touchdown on the  
t r a j e c t o r y  is shown i n   f i g u r e  21. The small  heading  misalinement  influenced  the 
lateral  and  heading  behavior  only  sl ightly  and  the  longitudinal-distance time h i s to ry  
imperceptibly.  The i n i t i a l  l o  clockwise or upwind (pos i t i ve )   veh ic l e   ro t a t ion  was 
s u f f i c i e n t   t o  overcome the downwind lateral  d r i f t  of the  basic   run and  caused  the 
vehic le   to   d iverge  a t  a f a s t e r  rate i n   t h e  upwind d i r ec t ion .  An i n i t i a l  counter- 
clockwise  (negative)  heading  promoted a longer and deeper downwind la teral  excursion. 

Heading-angle r a t e s  of  change.-  Heading-angle rates of  change of f4 deg/sec  were 
imposed  on the   bas ic -vehic le   run ;   the   resu l t ing   t ra jec tor ies   a re   p resented   in   f ig -  
ure  22. A comparison o f  f igu res  21 and 22 shows t h a t   t h e   t r a j e c t o r i e s  of Eigure 22 
a r e   q u i t e  similar to   those  for   an  ini t ia l   heading  misal inement ,   except   that   there  is 
no i n i t i a l  heading-angle  offset. 

CONCLUDING =MARKS 

Planar  equations of r o l l o u t  motion  have  been derived  €or a n  a i r c r a f t  i n  a three-  
po in t  a t t i t u d e  subjec ted   to   appl ied   forces  and moments and  having  freely  castoring or 
steerable  landing  gears  equipped  with  pneumatic tires. The a p p l i e d   l a t e r a l  and  lon- 
g i tud ina l   fo rces  and  yawing moments which may be  due t o  aerodynamics,  engine  thrust, 
and runway s lope were r e s i s t e d  by t i r e  ac t ion .  Unsteady t i r e   f o r c e s  were improvised 
from steady-state   force  data  by introducing a t ime  lag between the  t ire yaw angle  and 
the  a t tendant  t ire force.  Gear loads normal t o   t h e  runway were determined from equi- 
l ibr ium  condi t ions assumed about  the ro l l  and pi tch  axes  oE the  vehicle  and normal t o  
the  runway surface.  The equations 0.f motion  have  been programmed and  numerically 
in t eg ra t ed  on a high-speed d i g i t a l  computer to  describe  the  posit ion  and  heading of 
an a i r c r a f t   r e l a t i v e  to  a fixed-runway coordinate-axis  system. 

Resul ts  from the  equat ions were first compared with two experimental   trajecto- 
ries of a small  landing-gear model. In   these  tests, the  model t raversed  a l a t e r a l l y  
s lop ing  runway that   s imulated a crosswind,  and  the model main gears were f ixed and 
the  nose  gear w a s  e i t h e r   f i x e d  or l i gh t ly   s t ee red .  The computed a n a l y t i c a l   t r a j e c t o -  
r i e s  were i n  good agreement  with  the  experimental  trajectories. 
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Studies  were  also  conducted  to  show  the  effect  of  various  parameter  changes  on 
the  vehicle  trajectory.  The  trajectories  were  found  to  be  particularly  sensitive  to 
angular  gear  misalinements,  initial  translatory  velocities,  and  tire  drag  forces; 
lesser  sensitivities  were  found  €or  changes  in  mass,  center-of-gravity  positions, 
gear  spacing,  and  rotational  initial  conditions.  The  effect  of  the  force-buildup 
time  lag  €or  the  rolling  tire  was  insignificant  for  these  tests. 

. .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
March 16,  1982 
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APPENDIX 

FRICTIONAL PROPERTIES OF AN UNB-D, 11.4-CM DIAMETER, 

PNEUMATIC MODEL-AIRPLANE TIRE 

One of the  landing  gears of reference 1 equipped  with a pneumatic t i r e  w a s  
i n s t a l l e d   i n  a f i x t u r e   t o  test  f o r  tire f r i c t i o n a l   p r o p e r t i e s  on a drum dynamometer. 
The t i re  w a s  an  11.4-cm-diameter  hobby-type model-airplane t i r e  i n f l a t e d  t o  a nominal 
pressure  of 60 kPa. The dynamometer-drum diameter w a s  1.67 m, and the  drum w a s  
covered  with wood veneer t o   s imu la t e   t he  plywood sur face   descr ibed   in   re fe rence  1. A 
photograph of t he  test  se tup  is shown i n  f i gu re  A l .  Tire fo rces   cons i s t ing  of the  
drag  force FD i n   t he   p l ane  of t he  wheel, t he   s ide   fo rce  FS -normal t o   t h e  wheel 
plane,  and the  moment % about   the  ver t ical   axis   through  the wheel cen te r  were 
measured for   f ixed  (nominal)   ver t ical   loads FN of 28.6,  50.2,  71.8,  and  93.3 N and 
fixed  (nominal) yaw angles (I, of Oo , 3O, 6O , and 8.5O ; drum surface  speeds  ranged 
from 0.5 t o  10.7 m/sec. 

The r e s u l t s  showed t h a t   t h e   t i r e   s i d e   f o r c e  and moment were p r imar i ly   s ens i t i ve  
t o  only  normal  loadings and yaw angles.  For the  condi t ions  invest igated,   surface 
speed had l i t t l e  e f f e c t  on t h e   t i r e   f o r c e s  and,  hence, i ts  e f f e c t  was disregarded 
from fur ther   cons idera t ion .  The drag  force w a s  found t o  vary  i r regular ly   with normal 
load  and yaw angle as shown i n   t a b l e  AI. 

For  constant normal loads  and  different yaw a n g l e s ,   t h e   t i r e   s i d e   f o r c e s  were 
found t o  be  nearly  proportional to  the  yaw angle,  and €or more gene ra l   app l i cab i l i t y ,  
a t ire side-force  parameter w a s  formulated by normal iz ing   the   s ide   force   to   the  yaw 
angle.  This  parameter is computed f o r  a l l  normal loads and test condi t ions and is 
displayed as a funct ion of the  normal load   in   f igure  A2, where the  experimental  data 
are denoted by symbols i n   t h e   f i g u r e  and t h e   u n i t s  of t he  yaw angle (I, are expressed 
i n  degrees. The da ta  show tha t   the   s ide- force   parameter   increases   d i rec t ly   wi th   the  
normal load  for  low values and  approaches a l imi-ting  value as the   load   increases .  
Such a re la t ionship   has  Seen  curve f i t t e d   t o  a n  exponential   function by using a 
ieast-squares  approximation  for its c o e f f i c i e n t s  and is g iven   for   the  model tire by 

F 
" 

(I, 
(A1 1 

where t h e   u n i t s  of the  angle  (I, are   given  in   degrees  and the   un i t s  of the   forces  
FS and FN are given i n  newtons. 

The t i r e  moment HN found i n  the  tests for  each of t he   fou r   d i f f e ren t  normal 
loadings is shown i n  f i gu re  A3 as a funct ion of t he  yaw angle. As seen from  equa- 
t ion   (48)  which is repeated  here,  a funct ion of t he  form 

is assumed and the   coe f f i c i en t s   a l  and a2  are  given by the  curves of f igu re  A4. 



APPENDIX 

TABLE AI.-   APPROXIMATE DRAG FORCE  FOR UNBRAKED  MODEL-AIRPLANE T I R E  

Y a w  angle, 
b deg 

0 
3 .O 
6.0 
8.5 
0 
3 .O 
6.0 
8.5 
0 
3.0 
6.0 

. ._ - 

8.5 
0 
3.0 
6.0 
8.5 

N o r m a l  force, 
N 

I 

28.62 
28 -62 
28.62 
28 62 
50 -20 
50 -20 
50 -20 
50 a20 
71  -76 
71  -76 
71  -76 
71 a76 
93.33 
93.33 
93.33 
93.33 

D r a g  force, 
FD,  N 

1.82 
.oo 
.93 

1.82 
2.76 
.93 
.oo 

, .93 
3 -65 
1.82 
1.82 
.93 

4.14 
3 -65 
1.82 
2 e76 
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L-73- 1885.1 

Figure A l e -  Photograph of instrumented model landing gear and dynamometer drum. 

24 



, ,  . :' . .  

i 

i 
: 1 

! 

-8 

z 
n 

L 
aJ 

I- 
*F 

O 

0 Measured 

Fai red 

/ 
I I I I I J 

20 40 60 80 100 120 

Normal force, FN y N 
i" 

Figure A2.- Variation of tire side-force parameter  with  normal  force for pneumatic 
model-airplane tire. Units of + are given in degrees. 
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F i g u r e  A3.- V a r i a t i o n  of tire moment with yaw angle   and  normal   force f o r  
pneumatic   model-airplane tire. 
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Figure A4.- Variation of coefficients of tire  moment  function % with  normal force. 
Units of a, and MN are given in meters-newtons, a2 is  dimensionless,  and 
units of are given in degrees. 
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TABLE I. - MODEL MASS AND C O N F I G U R A T I O N   P R O P E R T I E S  

m,,, kg ...................................................................... 16.46 
I,,, kg-m ................................................................... 3.06 G, m ..................................................................... -0.0298 
h, m ........................................................................ 0.268 

2 

(b) G e a r s  
~~ ~~~ ~ ~ ~~ ~~ 

G e a r  posi t ion a t  index nuyber - 
Lef t  at 

i = 3  i = 2  i = l  
Right at N o s e  a t  

~~~ ~ 

Property 

m g,i, kg .....e.. 

\,i, kg ;....... 
Iw,i, kg-m . . . . . 
Cg,i, m . . . . . . . . . 
rl,i m . . . . . . . . . . 
pg,i,  m . . . . . . . . . 
pw, i ,  m ......... 

I g  , i k9-m 2""" 

1.034 
0.221 

0.000843 
0.000191 
-0.08  10 
-0.1854 
0.00427 

0 

1.034 
0.221 

0 -000843 
0.000191 

0.5633 
0 

0.00427 
0 

1 e034 
0.221 

0 -000843 
0.000191 
-0.0810 
0.1854 

0.00427 
0 
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Figure 1.- Schematic  representation of a i r c r a f t  and i t s  landing-gear  system. 
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Figure 2 .- Forces  and  moments  applied to the  aircraft* 
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Figure 3.- Photograph of a i r c r a f t  landing-gear model. 
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Figure 4.-  Photograph  showing view of aircraft landing-gear model on sloped runway. 
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Figure 5.- Time  histories  and  spatial  display of experimental  trajectory  variables 
for  unsteered  model test. 
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Figure 6.- Measured  and  computed  trajectory-variable  time  histories €or unsteered 
model test with touchdown  variable k ( 0 )  = 4.41 rn/sec. 
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Figure 7.- Measured and computed trajectorylvariable  time  histories  for  steered 
test of model with touchdown  variables x( 0 )  = 6.8 1 m/sec and 8(0 ) = 300. 
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Figure 8.- Computed trajectory-variable time histories of basic  vehicle 
with reduced mass. 
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Figure 9.- Confputed trajectory-variable time  histories of basic-vehicle test with 
body center of gravity shifted longitudinally. Distance  ratio  is  referred to 
the nose-to-main-gear spacing and is measured forward of the main  gear. 
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Figure 10.- Computed  trajectory-variable  time  histories  of  basic  vehicle  with body 
center of gravity  shifted laterally. Offset  distance  ratio is referred to 
main-gear spacing. 
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Figure 1 f .I Computed trajectory-variable time  histories of basic-vehicle test 
with reduced nose-to-main-gear spacing. 

40 



-. Lateral 
distance, 0 - 
Y I  t"l 

-. 5 

Main-gear spacing ratio,  percent 
50 (Narrower spacing) 

109 (Basic  vehicle) 
200 (Wider spacing) 

"" 

"_ 

40L 30 

-1 oo I 1  I I "'I" I_ -" 

.2  .4 .6 .8 1.0 1.2 1.4  1.6  1.8 2.0 2.2  2.4 
Time, sec 

Figure 12.- Computed trajectory-variable time  histories of basic-vehicle test 
with varied lateral main-gear spacing. 
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Figure 13.- Computed  trajectory-variable  time  histories of basic-vehicle  test 
with  nose-gear misalinements. 

42 



15- 

10- 
Lpngitudinal 
distance, 
x. m 5- 

0 

1 .o- 

.5 - 

Lateral 
distance, 
Y. m 

0 2  

-1 - t  .o 

Heading 
angle, 2o t 
8. deg 

O I  

Main-gear  angular  misalinernent, deg 
1 (Clockwise  rotation) 
0 (Basic vehicle) 

””_ 

”- -I Counterclockwise  rotation) 

-1 oo J 2 - 1 -  ~ 1 1 ~ 1 -la 
.2 -4  .6 .8 1.0 1.2  1.4 1.6 1.8 2.0 2.2 2.4 

Time, sec 

Figure 14.- Computed  trajectory-variable  time  histories of basic-vehicle test 
with  left-main-gear  misalinements. 
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Figure 15.- Computed trajectory-variable time  histories of basic-vehicle test 
with tire drag to all gears uniformly varied. 



Heading 
angle, 
8, deg 

-1 --51 .o 

40 

30 

20 

10 

0 

-1 c 

Left-main-gear  tire-drag  variation,  percent 

100 (Basic  vehicle) 
200 (Drag doubled) 

- ”_ 0 (Drag  eliminated) 

-“ 

- 
”” 

”.”” 

”_”” 
””” 

- ”-” 
”e- 

-_/- 

”” 
_/--- 

”” 
_”” 

”” 
/ 

”” ””””” 
~ 

I I” 
.2 .4 .6 .8  1.0  1.2 1.4 1.6  1.8  2.0  2.2 2.4 

Time,  sec 
Figure 16.- Computed  trajectory-variable  time  histories of basic-vehicle test 

with left-main-gear tire drag varied. 
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Figure 17.- Computed trajectory-variable time  histories of basic-vehicle test 
with main-gear tire drag equalized to average values. 
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Figure 18.- Computed  trajectory-variable  time  histories of basic-vehicle  test 
without  tire moment. 

47 



Y *  l"l 

-.'L 

-1 .o 

Longitudinal-touchdon velocity ratio, percent 
100 (Basic  test) 
125 
150 

"" 

"- 

40 r 
I 

30 - 

20 - 
Heading 
angle, 

"" 
"" 

8.  deg 
10- 

0- 

-1 oo "UA 1 
.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Time, sec 

Figure 19.- Computed  trajectory-variable  time  histories of basic-vehicle  test 
with increased  longitudinal  touchdown velocities. 
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Figure 20.- Computed trajectory-variable time histories of basic-vehicle test with 
varied lateral touchdown velocities. Velocity  ratio  refers  to basic-test- 
longitudinal velocity. 
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Figure 21.- Computed trajectory-variable time histories of basic-vehicle test 
with varied touchdown  heading angles. 
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Figure 22.- Computed  trajectory-variable time histories of basic-vehicle  test 
w i t h  varied rates of change of touchdown heading. 
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